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Initial geometrical distribution and fluctuation can affect the collective expansion in relativistic
heavy-ion collisions. This effect may be more evident in small system (such as B + B) than in large
one (Pb + Pb). This work presents the collision system dependence of collective flows and discusses
about effects on collective flows from initial fluctuations in a framework of a multiphase transport
model. The results shed light on system scan on experimental efforts to small system physics.
PACS numbers: 25.75.Gz, 12.38.Mh, 24.85.+p
I. INTRODUCTION
Quark-Gluon Plasma (QGP) state was predicted by
Quantum chromodynamics (QCD) and could be formed
under ultra dense-hot conditions by heavy ion colli-
sions [1]. This new state of nuclear matter is consid-
ered to be produced at the early state of central nucleus-
nucleus collisions in experiments [2, 3], which presents
collective motion in partonic level [4]. The properties
of QGP are still an open question in heavy-ion collision
community, which is not only depending on properties
of QCD but also sensitive to initial geometry and dy-
namical fluctuations. The initial geometrical distribu-
tion and fluctuation can remain influence to observables
at final state, such as collective flows [5–10], Hanbury-
Brown-Twiss (HBT) correlation [11, 12] and fluctua-
tion [13]. Some theoretical works [14–16] presented
flow/eccentricity analysis methods related to initial ge-
ometry fluctuations. A multi-phase transport (AMPT)
model [17–19] demonstrated initial geometry fluctuations
of partons created in Au + Au collisions and its effects
on elliptic and triangular flow. Initial fluctuation effects
have been also proposed on some observables or physics
quantities, such as on collective obeservabels [20–23],
conserved quantities [24], density fluctuations [25], and
chiral effects [26, 27] etc.
To understand these observables in experiments and
QGP phase transition, there are also some open ques-
tions for small collision systems (such as C + C or O
+ O collisions) as well as large collision systems (such
as Au + Au or Pb + Pb collisions), (1) how to un-
derstand transformation coefficient from initial geome-
try distribution or fluctuation to momentum distribution
at final stage in hydrodynamical mechanism [20, 28–30];
(2) how to understand similar phenomena for some ob-
servables for small systems with high multiplicity and
large systems [9, 10, 31–37]; (3) does the matter cre-
ated in different size of system undergo the similar dy-
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namical process and have similar viscosity [38, 39]?,
and the last two questions are closely related. Recently
the small system experiments were proposed for RHIC-
STAR [40] and LHC-ALICE [41] to study the initial ge-
ometry distribution and fluctuations effects on momen-
tum distribution at final stage. And lots of theoreti-
cal works contributed physics explanation and analysis
method to this subject [30, 42–47]. By using Trento+v-
USPhydro, Ref. [30] investigated the response of collec-
tive flow to initial geometry asymmetry in small and
large systems, and based on Trento+v-USPhydro+DAB-
MOD, Ref. [47] made predictions for system size scan of
heavy flavour flow in the LHC energy region. And some
detailed introduction and discussion can be found in some
recent review works [48, 49].
In this work, a system scan from 10B + 10B to 208Pb
+ 208Pb are studied by using a multi-phase transport
(AMPT) model. The collective harmonic flow coefficients
(vn, n=2,3,4) are calculated, as well as the fourth or-
der linear and nonlinear mode coefficient vL4 and v4,22.
The corresponding initial geometry eccentricity coeffi-
cients are also presented. It is found that vn decreases
smoothly with the increasing of multiplicity created in
the most central collisions of different system as the sys-
tem size dependence of eccentricity. The response of col-
lective flow to initial geometry asymmetry are discussed
and the system size dependence of the response are re-
lated to the viscous properties of the system. It sug-
gests to investigate the response for higher order nonlin-
ear mode in a system scan experiment project.
II. A BRIEF INTRODUCTION TO AMPT AND
ALGORITHM
In this work, the relativistic heavy-ion collisions are
simulated by a multi-phase transport model [50] with
version 2.26t7b. The initial state of the collisions is de-
scribed by the Heavy Ion Jet Interaction Generator (HI-
JING) model [51, 52] and the melted partons from HI-
JING interact with each other in the Zhang’s Parton Cas-
cade (ZPC) model [53]. And then the interacting-ceased
partons are converted to hadrons by a simple quark co-
2alescence model or the Lund string fragmentation. The
hadrons participate in rescattering process through a rel-
ativistic transport model [54]. AMPT was successful to
describe physics in relativistic heavy-ion collisions for
RHIC [50] and LHC [55], including pion-HBT correla-
tions [56], di-hadron azimuthal correlations [57, 58], col-
lective flow [59, 60] and strangeness production [61, 62].
The hot-dense matter created in collisions expands in
longitudinal direction (i.e. always defined by beam di-
rection) as well as transverse direction. In transverse di-
rection, distribution of produced particles in momentum
space can be expanded in azimuthal distribution as [63],
E
d3N
d3p
=
1
2π
d2N
pTdpTdy
(
1 +
N∑
i=1
2vn cos[n(φ−ΨRP )]
)
,(1)
where E is the energy, pT is transverse momentum, y
is rapidity, and φ is azimuthal angle of the particle.
ΨRP is reaction plane angle. The Fourier coefficients,
vn(n = 1, 2, 3, ...), characterize the collective flows of dif-
ferent orders in azimuthal anisotropies.
The collective flow is driven from the initial anisotropy
in geometry space. To investigate transformation from
geometry to final momentum space, the initial geome-
try eccentricity coefficients εn can be calculated from the
participants via [14–17, 28, 39],
En ≡ εneinΦn ≡ −〈r
neinφPart〉
〈rn〉 , (2)
where, r=
√
x2 + y2 and φPart are coordinate position
and azimuthal angle of initial participants in the collision
zone in the recentered coordinates system (〈x〉=〈y〉=0).
Φn is the initial participant plane and εn=〈|En|2〉1/2. The
bracket 〈〉 means the average over the transverse posi-
tion of all participants event by event. Note that for the
definition of eccentricity coefficients εn, r
2 weight was
alternative and it was discussed in Refs. [16, 28].
Two particle correlation (2PC) method with ∆η gap
is usually employed to calculate the collective flow coeffi-
cients in theoretical analysis and experimental measure-
ments [64–68] . In this work we adopted the 2PC-method
introduced in Ref. [64] to calculate transverse momentum
pT and centrality dependence of the collective flow.
The Q-cumulant method [17, 18, 28, 39, 69, 70] is also
popular in flow coefficients analysis. The complex flow
vectors [39, 71] is defined by Vn ≡ vneinΨn ≡ {einφ},
vn = 〈|Vn|2〉1/2, where φ is azimuthal angle of final par-
ticles, vn and Ψn is the nth order flow coefficients and
azimuthal direction of the event, {...} denotes the average
over all final particles in each event.
For the higher-order collective flow coefficients (n > 3),
the nonlinear mode couplings derived from lower-order
collective flow coefficients should be taken into account
except the linear response related to eccentricity, which
was discussed in Refs. [39, 71, 72]. Here we employ the
formulas of the fourth order linear-mode, nonlinear-mode
flow and geometry coefficients suggested in Ref. [39], i.e.
v4,22 ≈ 〈v4 cos(4Ψ4 − 4Ψ2)〉, vL4 =
√
v24 − v24,22, EL4 =E4 +
3〈r2〉2
〈r4〉 E22 , and ε4,22 =
√
〈ǫ42〉.
From hydrodynamics viewpoint, the relationship be-
tween initial geometry eccentricity coefficients and flow
coefficients can be described by vn ∝ εn, (n = 2, and
3) [20, 28, 29]. The response of vn to εn showed the effi-
ciency of the transformation from initial geometry prop-
erties to final momentum space in heavy-ion collisions.
For higher-order initial geometry eccentricity coefficients
and flow coefficients, the relationship can be described
by linear and nonlinear-mode [39, 71, 72], vLn ∝ εLn and
vn,ij ∝ εn,ij . Hydrodynamics with viscous corrections
gives the acoustic scaling of anisotropic flow in shape-
engineered events [38, 39, 73, 74],
vLn/ε
L
n ∝ exp
(
−n2β 〈Ntrack〉−1/3
)
, (3)
vn,ij/εn,ij ∝ exp
(
−(i2 + j2)β 〈Ntrack〉−1/3
)
, (4)
where L for n > 3, the parameter β is related to ratio
of shear viscosity (η) over entropy density (s), namely
β ∝ η/s and 〈Ntrack〉 average number of particles created
in the collisions with kinetic windows (always in mid-
rapidity (|y| < 1) and 0.2 < pT < 4 GeV/c).
III. RESULTS AND DISCUSSION
By using AMPT model, a system scan simulation is
performed in this work involving the most central col-
lisions (i.e. impact parameter b is set to zero) of 10B
+ 10B, 12C + 12C, 16O + 16O, 20Ne + 20Ne, 40Ca +
40Ca, 96Zr + 96Zr and 208Pb + 208Pb systems, at center
of mass energy
√
sNN =6.73 TeV. The generated event
numbers are presented in Table I. Via the introduced flow
analysis methods, the harmonic flow coefficients are cal-
culated in these collision systems under the kinetic win-
dows, transverse momentum 0.2 < pT < 3 GeV/c and
rapidity |y| < 1.0.
The initial geometry eccentricity coefficients εn (n
= 2, 3, 4) are calculated by using Eq. (2) and the
nonlinear-mode eccentricity coefficients are also calcu-
lated, as shown in figure 1. The eccentricity coefficients
εn (n=2,3,4) are all smoothly decreasing with the increas-
ing of size of collision systems (〈Ntrack〉) from 10B + 10B
collisions to 208Pb + 208Pb collisions. The fourth order
linear-mode ε4,22 and nonlinear-mode coefficients ε
L
4 also
presented the similar system size dependence. The ini-
tial geometry eccentricity coefficients εn (n = 3, 4) are
calculated with r2 and rn weight separately. It can be
seen from the results in smaller system that εn (n=3,4)
is higher with rn weight than with r2 weight, which is
mainly due to the weight from periphery of the initial
system. However, the different r wights give the compa-
rable value of εn (n=3,4) for larger systems. For smaller
systems by r2 weight it shows ε2 > ε3 ∼ ε4 and by rn
weight ε4 > ε2 ∼ ε3 and ε2 > ε3 > εL4 . In the fol-
lowing calculations, we only use eccentricity coefficients
3TABLE I: Collision system and number of event for each system.
system 10B+10B 12C+12C 16O+16O 20Ne+20Ne 40Ca+40Ca 96Zr+96Zr 208Pb + 208Pb
event number 2.3×105 4.2×105 2.4×105 1.9×105 4.9×104 1.4×104 3.5×103
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FIG. 1: Eccentricity coefficients for the most central collision
events in 10B + 10B, 12C + 12C, 16O + 16O, 20Ne + 20Ne,
40Ca + 40Ca, 96Zr + 96Zr and 208Pb + 208Pb at center of
mass energy
√
sNN =6.73 TeV.
calculated by rn weight. This system size dependence of
eccentricity coefficients indicates that geometrical fluctu-
ation is more significant in small system than in large
system in the most central collisions (b set zero).
The collective flows vn (n=2,3,4) as a function of
transverse momentum pT are shown in panel (a), (c)
and (e) in figure 2 for 16O+16O (〈Ntrack〉=141) colli-
sions and 40Ca+40Ca (〈Ntrack〉=418) collisions at√sNN
= 6.73 TeV by using two-particle correlationmethod with
|∆η| > 1. Also, the pT dependence of vn/ǫn (n=2,3)
is also calculated and presented in panel (b) and (d)
respectively. The results are also compared with ex-
perimental measurements by the RHIC-STAR data [75]
in A+A (U+U, Au+Au, Cu+Au, Cu+Cu) collisions
(〈Ntrack〉=140, |η| < 1.0) at top RHIC energy by two par-
ticle correlation method with |∆η| > 0.7 and the LHC-
ALICE data [76] in Pb+Pb collisions (centrality 30-40%,
〈Ntrack〉=426, |η| < 0.8) at √sNN = 2.76 TeV by two
particle correlation method with |∆η| > 1. Note that
〈Ntrack〉 in 16O+16O (40Ca+40Ca) collisions is approxi-
mate to that in A+A collisions from RHIC-STAR (AL-
ICE) experiment. It is found that the collective flows
increase with pT which are similar to those from ex-
periments. In 16O+16O collisions the elliptic flows are
close to those in Cu+Au collisions from STAR exper-
iments, and the triangular flows are higher than that
from experiments. While in 40Ca+40Ca collisions the el-
liptic flows are lower than that from ALICE experiment,
triangular flows are higher than ALICE experiment re-
sults and quadrangular flows are similar to experiment
results. These collision systems have different eccentric-
ity and this comparison can not give more information
about transferring asymmetry from geometry space to
momentum space. Panel (b) and (d) in figure 2 give the
vn/ǫn (n=2,3), respectively. vn/ǫn (n=2,3) are larger
in Ca+Ca collisions than in O+O collisions by AMPT
model. Since the v2/ǫ2 from the STAR collaboration in
U+U, Au+Au, Cu+Au, Cu+Cu collisions drops in one
group, the plot gives a band with the maximum uncer-
tainties from Ref. [75]. v2/ǫ2 and v3/ǫ3 from the ALICE
collaboration in Pb+Pb collisions with centrality 30-40%
from Ref. [76]. It is found the pT dependence of vn/ǫn
(n=2,3) in Ca+Ca (O+O) collisions by AMPT model
are consistent with those from the ALICE (STAR) and
display an obvious system size dependence of vn/ǫn.
The pT integrated collective flows v2, v3 and v4 are
calculated in the above introduced collision systems at
center of mass energy
√
sNN = 6.73 TeV and sown in
figure 3, via different flow analysis methods, i.e. panels
(a), (c) and (e) represent two-particle correlation with
∆η > 1, panels (b), (d) and (f) represent 2-particle cumu-
lants. The fourth order nonlinear-mode v4,22 and linear-
mode vL4 calculated by 2-particle cumulants method are
also shown in panel (f) in figure 3. The collective flows v2,
v3 and v4 decrease with the increasing of collision system
size from 10B + 10B to 208Pb + 208Pb at the most central
collisions, as the system size dependence of eccentricity
displays, by using AMPT model. v4,22 presents the sim-
ilar system size dependence as v4 and this results in that
vL4 shows a more flat trend with the increasing of sys-
tem size. The experimental results are from the STAR
data [75] in U+U, Au+Au, Cu+Au, C+Cu collisions and
from ALICE data [76] in Pb+Pb collisions. Two parti-
cle correlation method with ∆η gap was adopted in the
experimental flow analysis. The STAR analysis use cuts
of 0.2 < pT < 4 GeV/c, |η| < 1.0 and |∆η| > 0.7, AL-
ICE cuts of 0.2 < pT < 5 GeV/c and |η| < 0.8 and
|∆η| > 1.0. The elliptic flow v2 and triangular v3 in
Au+Au and U+U collisions increase and then decrease
with the increasing of 〈Ntrack〉. v2 in Pb+Pb collisions
also presents the similar 〈Ntrack〉 dependence. v2 from
AMPT presents a more linear 〈Ntrack〉 dependence and
is different from those of experiments, v3 and v4 give the
similar 〈Ntrack〉 dependence trend as experimental results
demonstarte.
To further investigate the system size dependence of
momentum asymmetry from initial geometry asymme-
try, the response of collective flow to initial geometry
asymmetry, v2/ε2, v3/ε3, v
L
4 /ε
L
4 , v4,22/ε4,22, are calcu-
lated and shown in figure 4. Panel (a) and (c) are the
results with flow coefficients via two-particle correlation
method and panels (b), (d) and (e) with that via two-
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FIG. 2: Left columns: Collective flows v2, v3 and v4 as a function of pT for the most central collision events in
10B + 10B, 12C
+ 12C, 16O + 16O, 20Ne + 20Ne, 40Ca + 40Ca, 96Zr + 96Zr and 208Pb + 208Pb at center of mass energy
√
sNN =6.73 TeV via
two-particle correlation method. Right columns: the ratios of vn/ǫn (n=2,3) as a function of pT . (color online)
particle cumulants. v2/ε2, v3/ε3, v
L
4 /ε
L
4 , and v4,22/ε4,22
increase with collision system size and different flow anal-
ysis methods present the same system dependence with
similar values. The upwards trend of system size de-
pendence of the response indicates that the transferring
efficiency from initial geometry asymmetry to final mo-
mentum is higher in large size collision systems than in
small ones, on other words the higher multiplicity the
system has, the higher transferring efficiency the evolu-
tion of system would get. These results are similar to
those from experiments [75, 76] and more closer to AL-
ICE results in Pb+Pb collisions as a function of
√
sNN .
The extracted β by equation (4) from 〈Ntrack〉 depen-
dence of the response of vn to εn could provide informa-
tion if the collision systems present similar shear viscous
properties, in other words if the collision systems exhibit
the similar QGP fluid friction and undergoes similar dy-
namical process. The lines on figure 4 show simulta-
neously fitting for vn/εn (n=2,3) and v
L
4 /ε
L
4 by equa-
tion (4). It give β = 0.641 ± 0.002 for two-particle cor-
relation method and β = 0.626 ± 0.004 for two-particle
cumulant method. The fitting results are similar to those
(β=0.82 ± 0.02) extracted by fitting v2/ǫ2 in small and
large collision system at top RHIC energies by RHIC-
STAR [75]. It is interesting that the fitting to v4,22/ε4,22
give lower value of β = 0.281±0.031. In Ref. [77] the ratio
of shear viscosity to entropy was estimated to be 0.273
in Pb+Pb collisions at
√
sNN=2.76 TeV. β extracted by
using equation (4) from the response of vn to εn is higher
than that in Ref. [77], and β from v4,22/ε4,22 is closer to
that. Note that this maybe result from different meth-
ods and difference parameter setting in previous AMPT
result [77] (
√
sNN = 2.76 TeV, µ=3.2 fm
−1) and in
this work (
√
sNN = 6.73 TeV, µ=2.3fm
−1), here µ is
the screening mass in the partonic matter. These results
indicate that it should be investigated in experiment for
energy dependence of β and the response of collective flow
to initial asymmetry for higher-order nonlinear mode.
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FIG. 3: Collective flows calculated by two-particle correlation method and cumulant method in different collision systems.
(color online)
IV. SUMMARY
The collective flow harmonic coefficients are calculated
and presented at
√
sNN = 6.73 TeV for the most central
collision systems from small one to large one, namely 10B
+ 10B, 12C + 12C, 16O + 16O, 20Ne + 20Ne, 40Ca + 40Ca,
96Zr + 96Zr and 208Pb + 208Pb collisions. From these re-
sults, it is found that collective flows show smooth chang-
ing trend with the increasing of the collision system size
and is sensitive to initial geometry eccentricities. The
response of collective flows to initial geometry asymme-
tries, namely v2/ε2, v3/ε3, v
L
4 /ε
L
4 , v4,22/ε4,22, are also
calculated and seems sensitive to system size (or multi-
plicities). With aid of hydrodynamics with viscous cor-
rections, the acoustic scaling of anisotropic flow in shape-
engineered events is performed to the system size depen-
dence of collective flow. The parameter β related to shear
viscosity over entropy density ratio seems consistent with
that from experiments, but β from v4,22/ε4,22 is lower
than those from v2/ε2, v3/ε3 and v
L
4 /ε
L
4 . The system
scan experiment is therefore proposed to systematically
explore the effects from initial geometry fluctuations, and
then the transformation efficiency from initial geometry
to final momentum could be studied.
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FIG. 4: Ratio of different order collective flows to initial geometry eccentricities for different collision systems. (color online)
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